Abstract-Radiation tests on CMOS analog switches were done in order to select the most tolerant device for the future use in the cryogenic system of LHC. After the irradiation, the devices showed some interesting changes related to the power supplies: An increase in the lowest supply voltage capable of biasing correctly the devices, some devices cannot work with TTL logic levels and hysteresis phenomena appear.
INTRODUCTION
An analog switch is a non-linear resistor controlled by an external logic input. For an ideal switch, the impedance is infinite or 0 depending on the value of the logic input "0" or "1" [1] .
The analog stage of a switch consists of a couple of NMOS and PMOS transistors with source and the drain terminal linked together. Their gates are connected to two complementary outputs of the logic stage that simultaneously carry them into cut-off or lineal state. The use of two transistors is intended to minimize the non-linearity of the resistance value of the switches. The logic stage of an analog switch consists of several parts: A driver, to transform the primary logic input into hard logic values; a level shifter, to change the logic values into voltages more appropriated to bias the analog channel and, finally, a CMOS inverter to obtain the complementary value of the main output. Fig. 1 and 2 shows the typical structure of an analog switch.
Radiation tests on analog switches were carried out in order to propose their use in the development of the electronic instrumentation of the cryogenic system of the future Large Hadron Collider (LHC), at the European Laboratory for Nuclear Research (CERN). In this harsh environment, electronic devices are expected to receive a neutron fluence of 5·10 13 n·cm -2 and a total gamma dose of several hundreds of Gy(air). Therefore, radiation tests were adapted to this kind of environment.
The tested devices were ADG212 and ADG412 from Analog Devices, DG212 and MAX332 from Maxim, and DG212 and DG412, from Vishay. These devices were 4xNO-Single Pole /Single Track, which means that there are 4 switches in the chip, Normally Open if IN = 0, and with one only control input and an only channel (Fig. 3 ). They were irradiated in the neutron facility of the Portuguese Research Reactor [2] , where the previous value of neutron fluence is reached in the center of the cavity after five sessions of 12 h every day. During the nights, the reactor shut down for technical reasons. Also, the vestigial gamma dose is about 1.2-2 kGy (air). Due to these values are several times the expected value of gamma radiation, the tests are valid as NIEL tests and as accelerated TID tests, as CERN irradiation protocol suggests [3] .
The displacement damage associated to the neutron beam causes an increase of the serial resistance of the analog switch [4] . In addition, the ionizing radiation creates positive charges in the gate oxide and in the epitaxial SiO 2 [5] . The consequence is the shift of MOSFET threshold voltages, the appearance of leakage currents and the increase of power consumption. The main goal of this paper is to find out how the ionizing radiation affects to the working values of the power supplies. Other points related to these tests have been studied in other works [6, 7] .
During the irradiation, the devices were biased with ±15 V to track the evolution of the resistance of the analog channel and the appearance of leakage currents. Later, the devices were isolated for safety for about a month at room temperature until the disappearance of the active isotopes. The total radiation dose received by the samples is shown in Table I two columns for each switch. The column on the left shows the values before the irradiation and the other one, on the right, the values after it. E.g., the DG212 sample from Maxim switched on at 1.72 V before the irradiation with a unipolar 15 V power supply but, after it, this value changed up to 3.91 V.
Other values of the table after irradiation should be explained. First of all, the device could not switch on and off at certain voltage supplies. Therefore, the switch must be always open or closed (e.g. ADG212 from Analog Devices with any power supply). In other cases, there are a pair of values that represents two different behaviors: If they are underlined, there is a hysteresis phenomenon (e. g., the irradiated MAX332 sample with ±15 V power supply. In this device, the pair of values were 3.91 and 4.46 V. The devices switch on when the logic input is increasing and reaches 4.46 V and switch off when it decreases below 3.91 V. The other possibility is that the values are not underlined (E. g., the MAX332 sample with a unipolar 15 V power supply before the irradiation). This fact means that the action of switching from on to off is not sharp but very soft from the first value up to the second one. Hysteresis does not exist. Tables IIIa-b show the minimum power supply needed to have a "good" open state. A good open state is that in which the switch resistance is extremely high. In this work, we have chosen a value of 100 MΩ as the lowest value that a resistance must have to be considered open circuit. Some devices had lost the possibility of changing from open to closed state, so this fact has been pointed out in the table as "closed".
Finally, tables IVa-b provide information about the minimum power supply that the devices need to switch on and off. In other words, the open and off states are well defined if the device is biased with that value of power supply. In this paper, we have postulated that a switch correctly works if R OPEN > 100·R CLOSED . According to this criterion, a device can switch even if R OPEN is not large enough to be considered a good open circuit.
III. ANALYSIS OF DATA
The preceding set of data allows us to find out some interesting characteristics of the irradiated switches. They are summarized in the following sections. The values of ADG412 shown in Table IIa are interesting enough since we can suspect the existence of a pair of minimum power supplies instead of only one. The facts that support this statement are the following: First of all, the switch is open with a unipolar +5 V power supply but, if this voltage increases up to 10 V or the supply becomes bipolar, the switch is always closed. Also, if +V CC rises, the device can switch on and off.
This suggests that the analog channel can be correctly biased with a voltage lower than that one needed to bias the logic stage. There is a lowest supply voltage for the analog channel and another one for the logic stage. Thus, the analog channel is open with 0-5 V since the supply voltage is not high enough to bias it. A higher supply voltage can correctly bias the channel but cannot do the same with the logic stage and, only when the voltage supply increases up to +15 V, the logic stage work and the switch works.
Overall, the higher the difference between the power supplies, the more likely the device work. Only the ADG412 sample infringes this general behavior: It works with an unipolar +15 V power supply but does not with ±10 V.
B. Disability of TTL compatible logic. Shift of switching threshold voltage
Most digital devices can identify the HIGH logic level with +5 V and the LOW level with 0 V. The not irradiated samples, except DG412 from Vishay, could switch on and off with this voltage levels. However, the irradiated ADG412 sample is a device that can switch with 1.6 V if V L = +V CC but loses this feature if V L = 5 V. Therefore, although the switch is activated by TTL compatible levels, its logic power supply must be much higher than 5 V .
In addition to this fact, the switching threshold voltages shift during the irradiation. Sometimes it rises, as DG212 and MAX332 from Maxim, but it decreases in other switches as ADG212 and ADG412. In any case, their values depend on the value of the logic power supply.
C. Hysteresis
One interesting fact that takes place in the irradiated sample is the appearance of hysteresis. This phenomenon can appear in not irradiated devices but the cycle is usually very narrow (A tenth of volt). However, it appears and becomes important in the irradiated switches. The most representative samples of this behavior are the switches from Maxim. In these devices, the width of the hysteresis cycle is about 2 V.
Three devices showed hysteresis after the irradiation: DG212 and MAX332 from Maxim and DG212 from Vishay. In the samples of Maxim, this phenomenon is observed only when the difference between the power supplies is high enough (±10 and ±15 V). On the contrary, the hysteresis in the sample from Vishay is related to the value of the positive power supply (0-15 V and ±15 V ).
In short, the hysteresis phenomenon might appear in irradiated devices biased with high power supplies. Moreover, there is not any dependence on the value of the logic power supply.
D. Similarity among switches
The results shown in previous tables are related to the first switch of each device. However, similar evolutions were found in the other switches of the sample. Hence, if there is a shift in the switching voltage or the appearance of a hysteresis cycle in the first device, the same phenomenon is found in the other three switches. The only difference is that there is a little scattering in the voltage values although the difference among the values is not higher than 0.1 V.
IV. DISCUSSION
The increase of the lowest supply voltage is doubtlessly related to the shift of the threshold voltage of the MOS transistors. This phenomenon happens in the analog channel and in the logic stage. The exact explanation is difficult to find out since the whole internal structure of the device is not known but this behavior can be easily understood with several examples. For instance, let us assume that the source S of the analog channel of fig. 2 is grounded. Also, the value of V D is usually very close to V S . So, we can accept that V D ≈ V S = 0. In this situation, the transistors of the analog channel are in the linear zone if:
If the irradiation is not too fast, the values of V TH,N and |V TH,P | will increase and the growth of lowest supply voltage is easily explained from eq. (1).
Also, the use of simple examples is a way to understand the evolution of switching threshold voltage and the disability of TTL logic levels. In this case, we will use the classical CMOS inverter, as that shown in fig. 4 , to explain these phenomena. The transfer function between the input and output voltage, V IN and V OUT , is similar to that sketched in fig. 5 . If we assume that the switching voltage of this device is the midpoint voltage, V M , its value will be, according to [8] 
k N and k P are the transconductance of the transistors. In some cases, like the DG412 switch from Vishay Siliconix, the first inverter of fig. 2 is similar to the inverter of fig. 4 and eq. (2) depicts perfectly its behavior. We do not know the internal structure of the other devices but it is likely that the inverter should be similar to fig. 4 . During the irradiation, V TP and V TN shift so the value of V M must be different from the initial one. The shift of the switching threshold voltage has been found as well by other authors [9] .
However, there is still a mathematical condition to deal with. Obviously, the value of V M must be placed between 0 and V L since it is the midpoint value. Thus, from this condition the following couple of inequations are deduced:
, ,
Before the irradiation, the values of V TH,N and V TH,P are not very large and the preceding conditions are true. However, during the irradiation, eq. (3) or (4) might become false due to the shift of both parameters. Also, the lower the value of V L , the easier the fact that some of the rules is broken. Thus, the impossibility of the use of TTL supply voltages is explained.
The appearance of hysteresis voltage cannot be explained but it is not a strange fact in digital circuits. Some digital networks show hysteresis as, for example, the Schmitt CMOS inverter, where the hysteresis minimizes the action of the noise of the logic input [8] . Therefore, the shift of the transistor parameters and the appearance of parasitic NMOS transistors can modify the characteristics and the topology of the logic stage. Thus, the appearance of hysteresis phenomenon is not as strange as it may seem.
V. CONCLUSIONS
The action of TID on the power sources that supplies analog CMOS switches is not only restricted to the growth of supply currents but also leads to the increase of lowest supply voltage. Thus, the minimum values that the manufacturer provides in the devices' data sheet are no longer true. Moreover, the use of low voltage supplies (3.3 V or less) is not advised in this kind of devices.
In addition, the switching threshold voltage shifts because of total ionizing dose and, thus, the appearance of hysteresis phenomena becomes possible.
These results were obtained from analog CMOS switches. However, a similar behavior might happen in other kinds of CMOS devices.
